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SMALL-SCALE ROTOR TEST RIG CAPABILITIES
FOR TESTING
VIBRATION ALLEVIATION ALGORITHMS
Stephen A. Jacklin and Jane Anne Leyland
NASA Ames Research Center
Moffett Field, California 94035
SUMMARY
A test was conducted to assess the capabilities of a small-scale rotor test rig for im-
plementing higher harmonic control and stability augmentation algorithms. The test rig
uses three high-speed actuators to excite the swashplate over a range of frequencies. The
actuator position signals were monitored to measure the response amplitudes at several fre-
quencies. The ratio of response amplitude to excitation amplitude was plotted as a function
of frequency. In addition to actuator performance, acceleration from six accelerometers
placed on the test rig was monitored to determine any linear relationship existing between
the harmonics of N/Rev control input and the harmonics of any resulting N/Rev measured
fuselage vibration. To determine this relationship, the ordinary least square error (LSE)
identification technique was used to identify local and global transfer matrices for two rotor
speeds at two batch sizes each. It was determined by this test that the MCCS interfaced
very well with the rotor system and kept track of the input acceleromter signals and their
phase angles. However, the current high-speed actuators were found to be incapable of




Fourier sine coefficient for a window of data initiated with the
reference blade at zero azimuth
Fourier sine coefficient for a window of data arbitrarily initiated
with respect to the position of the reference blade






















Fourier cosine coefficient for a window of data initiated with the
reference blade at zero azimuth
Fourier cosine coefficient for a window of data arbitrarily initiated
with respect to the position of the reference blade
actuator oscillation frequency, Hz
moment of inertia of the rotor blade about the spindle axis, lb-sec2/in
moment of inertia of the blade cuff about the spindle axis, lb-sec2/in
moment of inertia of the pitchlink about the spindle axis, lb-sec2/in
moment of inertia of the swashplate about the spindle axis, lb-sec2/in
moment arm of pitchlink about the spindle axis, in
number of measurement sets used to identify the T matrix at each digital cycle
number of rotor blades
number of accelerometers (channels) on the rotor rig which provide
acceleration data to the identification algorithm
total load reacted at the swashplate actuator, lbs
pushrod travel distance, rad-in
frequency domain transfer matrix, (2n x 6)
transfer matrix between AO and Az, (2n x 6)
transfer matrix between 0 and z, (2n x 6)
augmented TGlobaZ matrix (TGtobaZ ! Zo), (2n x 7)
frequency domain vibration measurement matrix for the global model,
(2n x m)
vector of 4/rev Fourier transform sine and cosine coefficients, derived from
n accelerometers, which define the acceleration in the frequency domain,
(2n x 1)
z vector evaluated when there is no applied multicyclic control, referred
to as "z- zero", (2nx 1)
frequency domain vibration measurement matrix for the local model,
(2n x m)
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small changes in z for the local frequency model, (2n x 1)
frequency domain HHC pitch control matrix for the local model, (m x 6)
small changes in 0 for the local frequency model, (6 x 1)
higher harmonic control vector of (N-1)/rev, N/rev, and (N+l)/rev sine
and cosine coefficients in the rotating frame which define the state of the
swashplate, (6 x 1)
frequency domain HHC pitch control matrix for the global model, (m x 6)
augmented O matrix (Oi 1), (m x 7)
angular acceleration about the spindle axis, rad/sec 2
angular acceleration of the rotor blade about the spindle axis, rad/sec 2
angular acceleration of the blade cuff about the spindle axis, rad/sec 2
angular acceleration of the pitchlink about the spindle axis, rad/sec 2
angular acceleration of the swashplate about the spindle axis, rad/sec 2









digital cycle index or iteration step
SUBSCRIPTS
i matrix row index
j matrix column index
0 vibration state when there is no applied control
SUPERSCRIPTS
T matrix transpose











Multicyclic Control Computer System
Outdoor Aerodynamics Research Facility
Rotor Test Rig
INTRODUCTION
This report documents a study performed on the NASA Ames Rotor Test Rig (RTR)
to determine its capability to impart active control signals to the rotor system using three
high-speed actuators connected to the stationary swashplate of the test rig. Since the RTR
uses a small-scale rotor (1/6.3095 - scale S-76 rotor), it must turn the rotor faster than
its full-scale counterpart to match the full-scale tip speeds. This need to operate at high
RPM places very high performance demands on the high-speed control actuators of the
test rig. The primary objective of this test was to document the performance of the high-
speed actuators up to and including the N/Rev frequency, where N denotes the number of
blades in the rotor. A secondary objective was to quantify the relationship between signals
obtained from six accelerometers mounted on the fuselage of the RTR to higher harmonic
control signals applied by the high-speed actuators. This effort was pursued in anticipation
of future vibration suppression work to be done using the high-speed actuators of the RTR.
Since the testing was to be done outdoors in a hover mode, the vibration was expected to
be minimal, thereby precluding vibration suppression from being an objective of this test.
DESCRIPTION OF THE TEST HARDWARE
This test was conducted at the NASA Ames Outdoor Aerodynamic Research Facility
(OARF). This facility consists of a 30 meter by 30 meter concrete pad, a below ground
level frame for attaching the model support struts, and an underground control room with
a complete data acquisition system. This facility is remote from other structures and is
located on relatively flat land. Therefore, the only significant aerodynamic interference is
with the ground. A photograph of the RTR installed on the top of a 6.10 meter tower at
the OARF is shown in Figure 1.
The main hardware components for this test consistedof the rotor test rig, a data
acquisition system,and acomputer-basedcontroller. The data acquisition systemwasused
to monitor the RTR and the rotor system. Though the data systemwill not be discussed
further, a summary of the test instrumentation is given in Appendix A. The rotor test rig
and computer-basedcontroller are discussedseparately in the next section.
Rotor Test Rig
The Rotor Test Rig (RTR) is a small-scale test rig (see Figure 2) designed to test
various rotor configurations [Ref 1]. The rotor system used during this test was a 2.133
m diameter dynamically-scaled (1/6.3095 scale) four bladed, fully articulated, Sikorsky
S-76 rotor. The blades were made of carbon fiber, fiberglas, and foam with boron added
to match the full-scale counterparts blade stiffness. The rotor system characteristics are
listed in Table 1. During this test, the rotor system was operated in the thrust up (wake
down) conventional U.S. rotation mode (counterclockwise as viewed from above).
Test rig vibration was sensed from two clusters of three orthogonally mounted 5 g
accelerometers mounted on the rotor shaft housing. One cluster was mounted just below
the stationary swashplate, and the other set on the main body of the test rig. Each
accelerometer cluster aligned one accelerometer with the roll axis, one with the pitch axis,
and one with the yaw axis.
The swashplate of the test rig was controlled by three actuator assemblies located
at the 60 ° , 180 ° , and 300 ° azimuth positions (0 ° being aft). Each actuator assembly
was comprised of a low-speed, full authority, electro-mechanical actuator connected in
series with a high-speed, limited authority, electro-hydraulic actuator. The low-speed and
high-speed actuators could be operated simultaneously to provide both types of motion at
once. In this manner, the high-speed actuators could superimpose higher harmonic control
signals onto the low-speed actuator command signals used to trim the rotor.
The rotor test rig was controlled from a control console placed in the underground con-
trol room. This control console displayed the collective, lateral, and longitudinal flapping
position of the rotor as well as the commanded and actual collective, lateral, and longi-
tudinal cyclic pitch signal commanded by the low-speed actuators. Though the console
was capable of mixing collective, lateral, and longitudinal command signals for both the
high-speed and the low-speed actuators, only the low-speed actuators were controlled from
the console during this test. The positions of the high-speed actuators were independently
controlled by the compute'r-based controller to be described below.
Multicyclic Control Computer System
The Multicyclic Control Computer System (MCCS) was used to command the posi-
tions of the three high-speed actuators. This control system uses an array processor to
perform intensive closed-loopcontrol computations in real-time, while a host computer
coordinates nonreal-time events and supports the general operating system. The MCCS
controller can take in up to 64 analog input signals and generateup to 8 analog control
outputs. The operating systemof the host processorsupports a multi-tasking environment
in which one program is usedto control the array processorwhile another program is used
to monitor the nonreal-time (or user) environment. This leavesthe array processorfree
to execute closed-loopcontrol programs in real-time, since it neednot contend with any
nonreal-time events. Moreover, the system has capitalized on the useof programmable
interfaces to createan optimum parallel processingenvironment. The useof these inter-
facesbetween the array processorand its analog-to-digital and digital-to-analog converter
units allows data acquisition and control output to occur in parallel with array processor
computation. The converters can beset up to run in a double-bufferedmode of operation
so that a continuousdata transfer rate of 1 MHz 8-bit words canbe sustained. The general
architecture of the MCCS is illustrated in Figure 3. A complete description of the MCCS
controller and its high-speeddesignmethodology is discussedfully in Reference2.
CONTROL COMPUTER AND ROTOR RIG SYNCHRONIZATION
The first test objective was to determine whether the MCCS control system could
interface itself properly with the rotor test rig. To interface successfully, the MCCS had
to be able to determine the 4/Rev sine and cosine coefficients of the input accelerome-
ter signals, and be able to generate 4/Rev actuator control signals to control the higher
harmonic position of the swashplate. (The phase of the vibration inputs and control out-
puts were taken relative to the tail of the test rig, which was defined as zero azimuth.)
Synchronization of the control computer to the rotor test rig was accomplished using two
phototachometers.
One phototachometer produced 128 evenly spaced pulses per rotor revolution and
was used to trigger the analog-to-digital and digital-to-analog converters. This tachometer
slaved the control system to the rotor, so that with each rotor revolution, the same number
of samples was taken, even if the rotor RPM fluctuated. This sampling rate provided 32
data points per 4/Rev cycle, thereby guarding against Fast Fourier Transform aliasing by
vibration frequencies in the 5/Rev to 16/Rev range.
Knowledge of the reference blade location, needed for computer/rotor synchroniza-
tion, was obtained by using a second phototachometer to generate a pulse every time the
reference blade passed over the tail of the test rig. This 1/Rev signal was sampled along
with the other accelerometer and strain gauge signals fed into the MCCS. By counting the
number of samples between the start of the sampling window and the 1/Rev pulse, the
Fourier coefficients from any arbitrarily chosen window of data could be related to those
Fourier coefficients produced from a window of data started with the reference blade over
the tail of the rig. The relationship between the Fourier transform pairs is given by the
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expression:
BRef -Sin _ Cos ¢ Bw (1)
where, Aw and Bw are the sine and cosine Fourier coefficients from any arbitrary win-
dow of data, ARe/ and BRe/ are the equivalent Fourier coefficients for a window of data
started with the reference rotor blade over the tail, and ¢ represents the angle between
the reference tail position and the position of the reference blade when the window of data
was begun.
The result of the synchronization testing was that the MCCS control system appeared
to synchronize itself very well with the rotor system. The most notable examples of
this were that the once-per-revolution signals, such as the blade pitch and blade flap
signals remained fairly constant when the rotor was operating at a fixed flight condition.
These signals demonstrated very little change in their Fourier spectrum over many rotor
revolutions. In later system identification testing, synchronization was also evidenced by
the ability of the MCCS to identify very similar transfer matrices for very similar operating
conditions.
HIGH-SPEED ACTUATOR PERFORMANCE TESTING
The objective of the high-speed actuator performance test was to document the abil-
ity of the high-speed actuators to impart an oscillatory 4/Rev component to the rotor
blade pitch through means of swashplate oscillation. (The technique of introducing higher
harmonic control through the swashplate has been well documented in Reference [3].) The
testing of the high-speed actuators was done to make sure that they would be able to
impart motions of correct amplitude and phase.
Description of the Actuator Performance Test
All of the actuators were excited to move the swashplate in a collective mode while
the rotor was spun at 1100 RPM (MTiv = 0.36). This RPM was selected because it was
the fastest RPM (at the time) the computer-based controller could perform on-line system
identification functions. The excitation signals were generated from a signal generator, as
shown in Figure 4. The measured actuator position signals and the commanded actuator
position signals were fed to the MCCS and to the oscillographs. Figure 5 illustrates the
actuator feedback control loop and the points at which various signals were obtained for
actuator performance analysis. As shown in Figure 5, the feedback error signals drive
the actuators and are formed as the difference between the reference position command
signals and the measured position feedback signals. Thus, when the measured actuator
position voltage and the commanded actuator position voltage are not the same, an error
or differencevoltageis produced to drive the actuators to the point of zeroposition error.
During this test, the MCCS acquired the data points and produced the amplitude versus
phaseplots for the actuators. Since the frequency of excitation wasvaried and the rotor
speedwas held constant, it was necessaryto have a secondsignal generator supply the
trigger signal to drive the analog-to-digital converter of the MCCS so that the sampling
rate could be changedduring frequencysweeps.Changing the sampling rate wasnecessary
to obtain sampleswith sufficientnumbersof data points over the rangeof frequenciestested
(1- 130 Hz).
Most of the frequency responsetesting was done using substitute massesinstead of
actual rotor blades. Thesemasseswere termed "club blades" and had roughly the same
inertia asthe actual rotor blades. The club bladeswere usedto avoid damagingthe actual
rotor blades, in the event a large resonancecondition wasencountered. At the end of the
frequency responsetesting, a test caseusing the actual bladeswasdoneto show that the
useof club bladesdid not bias the frequency responsetest results. The useof club blades
also allowed direct measurementof pitch angle with a clinometer for the special caseof
zero rotor RPM and DC excitation. At this condition the actuators wereverified to give
± 3.0 degreesblade root pitch motion for ± 9.0 volts commandexcitation.
The actuator performance testing was performed by giving the actuators sinusoidal
command signalsof constant amplitude while sweepingin frequencyfrom 1 to 130Hz. All
three actuators wereexcited with the sameinput commandssothat the swashplatemoved
in a collective fashion. The rotor was spun at 1100 RPM. The actuators were initially
excited with voltagesof ± 1.0, ± 2.0, ± 3.0, ± 4.5, ± 6.0, ± 7.5, and ± 9.0 volts. Were
there no increaseor decreasein responseamplitude with increasingexcitation frequency,
thesevoltages would correspond to ± 0.33, ± 0.66, ± 1.0, ± 4.5, ± 6.0, ± 7.5, and ± 9.0
degreesof blade pitch motion. Due to a resonancecondition in the 20 to 50 Hz range,
however, the ± 7.5 and ± 9.0 volt caseswere started at 55 Hz, except for an initial data
point at 1 Hz. The 1 Hz data point was used as a referencepoint for the amplitude vs
frequency calculations.
Actuator Test Results
The frequency response of the high-speed actuators is presented in Tables 2 through 8
and is shown graphically in Figures 6 through 12. These tables and figures present actuator
response data which were obtained by holding the excitation amplitude constant, while
sweeping in frequency. It can be seen that as the frequency of excitation is increased, the
response amplitude first grows and then attenuates. The frequency which demonstrates
the greatest gain between input and output becomes progressively lower in frequency as
the excitation amplitude is increased from + 1.0 to _= 9.0 volts. Figure 13 superimposes
all of the amplitude plots of Figures 6 - 12 so that an easy comparison can be made.
Note that in this figure, that the ratio of output to input has been plotted. In Figure
14, the same plot is made, but with the amplitudes plotted in computer counts rather
than in the normalized format. (The term "computer counts" refers to the absolute digital
representation of the measuredfeedbacksignal,where 1380counts representsa deflection
of + 3.0 degrees.) From this figure it can be seen that as the frequency of excitation is
increased, a point is eventually reached where increasing the input amplitudes will produce
no further increase in the response amplitude. For example, referring to Figure 14, at 50
Hz input excitation, the actuators output roughly proportionate amplitudes for + 1.0, ±
2.0, and ± 3.0 volts input amplitude, but for ± 4.5 and ± 6.0 volts, the output amplitude
is the same. Above 80 Hz, all input voltages greater than or equal to ± 1.0 volts produce
the same output motion.
Appendix B presents all of the data obtained during the high-speed actuator testing.
The data are presented in two formats. First, an analog representation of the frequency
response data is given for each data point. Then a tabular and graphical summary is
presented, following the analog data. Table B1 presents the organization of Appendix B.
The analog data reveals that the response frequency is always the same as the excitation
frequency, so that no non-linear distortion has occurred. The phase between the input and
output signals is not important, so long as it is constant for any given excitation condition.
(This is true because the intended frequency domain controller can account for any phase
lags, as long as they are known.)
All of the above results were obtained using the position feedback signal of the 300
degree actuator. To see to what extent this may have biased the results, the ± 3.0 volt
excitation case was repeated using the 60 degree and 180 degree actuator position feedback
signals. Figure 15 shows the three three actuator response versus frequency plots. Though
the plots differ in shape to a certain degree, the basic trend is preserved.
Discussion of Actuator Performance
Though the RTR high-speed actuators were designed to produce ± 3.0 degrees of
blade pitch motion up to 20 Hz, (Reference [1]), this test has shown that this can in no
way be done up to the 1910 RPM blade passage frequency of 127 Hz. In fact, full =t=3.0
degrees of blade pitch motion is possible only up to about 25 Hz. Looking at Figure 14,
two important phenomena can be seen. First, the low frequency regime demonstrates that
a resonant condition exists, in which the actual blade pitch motion obtained is greater than
that which was commanded. For example, though + 6.0 volts input at 1 Hz produces +
2.0 degrees of blade pitch motion, the same ± 6.0 volts input at 37 Hz produces over ± 7.0
degrees of blade pitch motion. The second phenomenon shown in Figure 14 is that as the
excitation frequency is increased, the ability of the actuators to respond proportionately is
diminished. For example, at 20 Hz, distinct and proportional amplitudes are obtained for
each of the ± 1.0, ± 2.0, =t: 3.0, ± 4.5, and =i=6.0 volt input cases, but at 70 Hz, voltages
above ± 1.0 volts produce the same amplitude of actuator response.
The + 7.5 and ± 9.0 volt input excitation cases (corresponding to ± 2.5 and ± 3.0
degrees at 1 Hz) were not performed below 55 Hz for fear of exciting the actuators too
violently. At 1 Hz, these input voltages did produce ± 2.5 and ± 3.0 degrees of blade pitch
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motion. However,between20 and 55 Hz, input voltagesa little over + 6.0 volts produced
more than + 3.0 degrees of blade pitch motion because of the resonance condition. When
this occurred, the position feedback transducers on the actuators saturated (i.e., they
produced no further voltage increase) and it appeared to the actuator control circuitry
that the actuator had stopped moving. This then caused the actuator servo controllers to
behave erratically. Therefore, to avoid damaging the actuators or rotor, testing between
20 and 55 Hz was not done higher than + 6.0 volts.
Noting from Figure 14, however, that the resonance peak appears to increase and
move to lower frequencies for increased amplitude excitation, it is reasonable to conclude
that + 3.0 degrees of blade pitch motion could be obtained up to about 25 Hz. Motion of
+ 2.0 degrees (6.0 volts curve) can be had up to about 40 Hz. Figure 14 also shows that
after 40 Hz, the maximum available actuator motion achievable falls off rapidly. At an
excitation frequency of 65 Hz, only -4- 1.0 degrees of blade pitch motion can be produced,
and at 105 Hz, only -4-0.33 degrees of pitch can be produced. These results are summarized
in Table 9.
These findings indicate that if the rotor was spun at its full design speed of 1910
RPM, that very little 4/Rev HHC pitch control would be available. This is because the
4/Rev HHC forcing frequency required for that RPM would about 127 Hz, where only
about -4- 0.33 degrees of pitch motion is obtainable. Moreover, it was further documented
(see Figures 17 and 18) that the HHC pitch control system had about -4- 0.10 degrees of
hysteresis or lost motion due to free play. This makes it difficult to modulate the control
amplitude below + 0.10 degrees.
Although the exact cause of why the actuators did not respond to the higher frequency
inputs is unknown, it is possible to speculate that the problem is one of too much inertia
force on the actuators. The source of the inertia loading is the hydraulic fluid which must
be pushed through the lines and the mass of the swashplates, pitchlinks, and rotor blades
which must be oscillated at high frequency. Neglecting the hydraulic resistance, the inertia
force on the actuator pushrod, PA, can be calculated using Newton's f = rna relationship
as
where,
PA = hSb + XcSc+ I, rSvr + (2)
6 = (27rf)2Q)Max.Displacement (3)
and _ represents angular acceleration about the rotor spindle axis. (See Reference [4] for
greater details.) The important thing to see from equations 2 and 3 is that the inertia
loads are proportional to the square of the excitation frequency, f. Reference [4] presents
calculations to support that at ± 1.0 degrees, 40 Hz operation, the pushrod loads are =[=
80 N; well within the "do not exceed" limit of ± 555 N oscillatory loading. This would
not be true for 127 Hz operation, where pushrod loads on the order of -4- 800 N would be
encountered, clearly exceeding the maximum allowed pushrod load limit. Since the RTR
high-speed actuators experience ten times the inertia loading at 127 Hz than they do at
40 Hz, it is possible that the actuators would not be able to react the inertia loads at
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high frequencies.Table 10presentsthe maximum higher harmonic blade pitch oscillation
that the pushrods can support at a given frequency. Up to 60 Hz, ± 3.0 degreesblade
pitch can be withstood. Above 60 Hz, the bladepitch amplitude would haveto be reduced
to keep the pushrod loads below 550 N. Though the current RTR high-speedactuators
cannot produce this kind of loading (Table9), Table 10 demonstratesthat more than just
the actuators would needto be replacedif morethan ± 0.66degreesbladepitch excitation
were desired at the 1910 RPM (4/Rev = 127 Hz, MT_p = 0.63), where the RTR S-76
blades are dynamically and Mach scaled.
For excitation frequencies where the loads do not exceed the pushrod the limit, larger
positioning commands (greater forcing) might compensate to some extent for diminished
actuator response. However, as can be seen from Appendix B, making the applied feed-
back command signals larger works only at the lower frequencies, or until the maximum
feedback signal amplitude of ± 10 volts is produced, after which larger amplitude motion
is not possible. For example, comparing the position feedback commands on pages B48,
B50, B54, and B59 of Appendix B, it is seen that the actuator position commands have
become very steep and slightly truncated at their maximum amplitude. The error driving
signals exceed their maximum allowed value of 10 volts half peak-to-peak (HPP), resulting
in a clipping of the commanded feedback signals. These figures show that at the higher
frequencies, the feedback commands are at their same maximum value, and that the re-
sponse is smaller due to increased system inertia at the higher frequencies. Appendix B
may be examined to find other similar cases.
As a last point, Figure 15 illustrates that the high-speed actuator performance was not
strictly identical for each actuator. Though the gross fall-off of amplitude with increasing
frequency was seen to be common for all of the actuators, it does demonstrate that the
actuators were not dynamically tuned to each other. Though the control system could
adapt to this situation, tuning of the actuators to behave the same is desirable to avoid
crossing or mixing the lateral, longitudinal, and collective controls.
OPEN-LOOP SYSTEM IDENTIFICATION
The next phase of the test attempted to determine the coefficients of system models
relating the 4/Rev harmonics of measured fuselage vibration to the applied 4/Rev higher
harmonic excitation commands in a process referred to as system identification. With this
information, the controls needed to alleviate the vibration could theoretically be calculated.
Though models for the control of helicopter vibration have been proposed for both the time
and the frequency domains (References [5], [6], [7], and [8] give a few), only the local and
global frequency domain models were identified during this test. The motivation for doing
this was to find models useful to control the largest element of helicopter vibration, the
N/Rev component, where N is the number of blades in the rotor. By oscillating the blade
pitch at N/Rev, the N/Rev vibration might be reduced or alleviated by modifying the
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blade aerodynamic loading in a favorable fashion. This is most conveniently accomplished
in the frequency domain.
The systemidentification studies conducted at the OARF, therefore, sought to iden-
tify frequency domain models relating the N/Rev harmonics of vibration to the N/Rev
harmonics of control applied to the swashplate. Since the rotor inflow in hover is sym-
metrical, no significant 4/Rev vibration was expected to be available for control. Hence,
system identification was, in essence,an academicexercise, since it was never intended
to apply any control to reduce the vibration. These identification studies were useful,
however, in exercising the MCCS computer and in seeinghow much vibration could be
produced in hover using active controls to obtain a measureof system controllability.
Figure 16illustrates the meaningof the nomenclatureusedin the systemidentification
discussion.Here,z represents a (2n x 1) vector of N/Rev sine and cosine coefficients of the
measured vibration (g), where N is the number of blades in the rotor, and n is the number
of accelerometers distributed on the fuselage or test rig. The higher harmonic control
input vector, 8, is a (6 x 1) vector of the N-1/Rev, N/Rev, and N÷l/Rev sine and cosine
coefficients of the rotating reference frame. (The sine and cosine components contain the
same information as magnitude and phase for any single signal frequency component.)
The interested reader is encouragedto review Reference [3] which fully describes the linear
relationship between the sine and cosine coefficients of collective, lateral, and longitudinal
swashplate oscillation at N/Rev and the sine and cosine coefficients of N-1/Rev, N/Rev,
and N÷l/Rev blade pitch motion relative to the rotating reference frame.
For the system identification studies, two forms of frequency domain models were used
to relate z to 8. These models were the local and global frequency domain models. The
local model consisted of a single matrix relating small changes in the fuselage vibration
measurement vector, Az, to small changes in the higher harmonic pitch control vector,
A_. In matrix notation, this relationship may be written
Az(k) = TLocalAO(k) (4)
where k denotes the computation step and TLo_aZ represents the local transfer matrix. In
this context, Az is a column vector used to represent the difference between the N/Rev
Fourier vibration coefficients over two successive steps. Similarly, A0 is a column vector
whose elements represent the difference in the N+l/Rev, N/Rev, and N-1/Rev blade pitch
coefficients from one step to the next. The local model is referred to as being "quasi-static",
because the assumption is made that over a sufficiently short time interval, the local T
matrix is an adequate representation of the vibration/control dynamics. The time interval
over which this model is valid depends upon the steadiness of the helicopter flight condition,
and may be as short as one rotor revolution for conditions involving abrupt manuvers. The
other type of model identified was the global model, represented as
z(k) = TazobcaO(k) + zo(k) (5)
where z0 is a vector of sine and cosine coefficients representing the N/rev vibration present
when no higher harmonic control is applied. This model is termed the global model
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becauseit usesone transfer matrix to relate all control levels to all vibration levelsat all
operating conditions. If the helicopter environment were perfectly linear, the global and
local T matrices would likely be the same for any operating condition, assuming perfect
identification of T. Hence, an indirect measurement of the degree of nonlinearity existing
between the HHC pitch control inputs and the vibration outputs is the similarity of the
local and global models for a given operating condition• The more different these models
are, the greater the nonlinearity between vibration and control•
In the test conducted at the OARF, a local model of dimension (12 x 6) and a global
model of dimension (12 x 7) were identified at two different operating conditions using batch
lengths of 24 and 36 measurements• Different batch sizes were used to assess the effects
of batch size on the identification process• Generally, up to a certain point, the greater
the batch size, the more accurate the estimate. (For no measurement noise, the minimum
number of required measurements equals the numbers of unknowns in each row of the
transfer matrix.) The procedure used to identify the transfer matrices was the ordinary
least square error (LSE) method. Appendix C presents a derivation of this important
technique (known since the early 1800's) in terms of the system model and symbols used
in this report (see Reference [9] for details). It shall suffice here to note that for the local
model, the ordinary least squares formula is given by the expression:
TLoc,_l = AZAO[AO TAO]-' (6)
where AZ represents the vibration measurement matrix defined to be
iZl,1 AZl,2 ......




• . AZ1, m
• . AZ2n,rn
(7)
meaning an (2n x m) matrix whose m columns are the m number of vibration measurements
taken from the "n" accelerometers, and where A® represents an (m x 6) matrix of the







This matrix has six columns corresponding to the cosine and sine coefficients of the lon-
gitudinal, collective, and lateral N/Rev pitch command vector. The least squares formula
for the global model is given by
(9)TGlobal : ZO"[o*To*] -1
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The asteriskdenotesthat the global matrix is an augmentedmatrix, formed by appending
the uncontrolled vibration vector, z0, to the (2nx6) global transfer matrix,
tl,1 ...... tl,6 Zo_ )
$2,1 ...... t2,6 Z02
f Global _ ...............
t2n,1 ...... t2n,6 Z02.
(10)














Description of the System Identification Test
Identification of the local and global models was performed at 550 and 1100 RPM
(MTip of 0.18 and 0.36) for different batch sizes and different excitation levels. Table 11
presents the conditions under which system identification was studied.
The 4/Rev controls chosen to excite the high-speed actuators have been listed in
Appendix D, Table D2, in terms of their sine and cosine components of collective, lateral,
and longitudinal 4/Rev blade pitch (with respect to the fuselage reference frame). These
commands were generated as a series of random number combinations• The amplitude
of the controls was carefully modulated, taking care to scale the numeric values of the
commands so that the transfer matrix elements would be near unity for an anticipated 0.5
g vibration level• This was done to reduce the chances of numerical error in the transfer
matrix calculation. These commands were fed to the actuators and the vibration responses
were carefully recorded. The bulk of Appendix D contains the vibratory data recorded for
all six input channels. Although most of this data is presented in terms of the first twelve
sine and cosine coefficients of the input channels, the first data points are presented as
analog traces as well, to give the reader an idea of the signal quality.
Since good actuator control was needed at the 4/Rev (N/Rev) excitation frequency,
operation at the Mach-scaled 1910 RPM speed was not feasible with the frequency response
afforded by the high-speed actuators. At 1100 RPM, the actuators were incapable of re-
sponding to 4/Rev frequency (73.3 Hz) inputs above + 1.0 volts (± 0.33 ° ), as documented
by the actuator performance test. However, at 1100 RPM the control appeared to have
good linearity, as shown in Figure 17. This plot was obtained by performing additional
14
frequency responsetesting at 73.3 Hz and 1100RPM. Becausethe HHC excitation level
at 1100RPM was limited to only ± 0.33degrees,identification testing at 550 RPM was
also performed. At 550 RPM, a fairly linear control region was found to exist up to ± 6.0
volts input, corresponding to ± 2.0 degreesof blade pitch motion, as shownin Figure 18.
The disadvantageof testing at 550 RPM is that the aerodynamic forcesare only about 8
percent of the 1910RPM values.
At all test conditions, the excitation commandswere applied by the MCCS to each
of the high-speedactuators and a data point was taken long after the control transients
had died away. In addition to taking the required number of measurementsfor the LSE
batch calculation, three additional measurementswere taken to evaluate the effectof mea-
surement noiseon the transfer matrix calculation. Hence, after the initial transfer matrix
calculation, a new command wasgiven to the rotor, and the oldest control and measure-
ment within the batch was replacedby the new ones. Though it was expectedthat this
would change the matrix, the matrix coefficientswere repeatable to three decimal places
in nearly all cases.
System Identification Results and Discussion
Seven matrices were identified by the open-loop least squares identification method
and are shown in Tables 12 through 18. These matrices are the transfer or "T" matrices
which relate the measured 4/Rev vibration to the applied 4/Rev swashplate perturbations.
The values in these matrices represent an averaged value, since at each test condition the
matrices were identified three times. Though averaging the matrices assisted in finding
values for oscillatory elements in a few cases, it did not cause a change the first two
decimal places in most cases. Appendix E presents the actual transfer matrices identified
at each of the three identifications runs. It should be mentioned here that as a result of
instrumentation losses during the test, it was not possible use exactly the same vibration
sensor locations for each transfer matrix. In some of the transfer matrices, a normal force
signal from the rotor balance or a pitch link load signal was substituted in lieu of an
accelerometer input which was no longer available.
The first model identified was the local model at 550 RPM using a least squares
batch size of 48 and an excitation amplitude of ± 6.0 volts (± 2.0 °). It is interesting
to note (Table 12) that only a few of the elements are significantly greater than zero. If
many of the matrix elements were zero, with some large values (i.e., near unity), it could be
surmised that the relationship between the applied excitation commands and the measured
vibration could be represented by a model having fewer parameters. However, the fact that
all of the matrix elements are small indicates that the applied controls produced very little
vibration. The MCCS control computer was scaled to produce matrices with elements
near unity when vibration of about 0.5 g was encountered. The small matrix elements
thus indicate that only a small amount of vibration (0.01 g) is produced for even large
control inputs. This could mean either that the RTR has a high impedance for the 4/Rev
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vibration, or that the aerodynamic forces produced by the HHC control inputs are very
small in hover.
The identification processwas then repeatedusing only one half the excitation input,
or + 3.0 volts. This transfer matrix is presented in Table 13. Comparing Tables 12
and 13, it can be seen that the matrices are similar. In fact, the magnitudes of the
larger elements in Table 13 are about half of those in Table 12, corresponding to the half
amplitude excitation used in this case. This similarity seems to indicate that the MCCS
control system interfaced properly with the rotor system and that there is a discernible
relationship between the applied control inputs and the vibration outputs. Though many
of the elements having smaller magnitudes do not appear to agree in Tables 12 and 13,
it could be that the measurement noise is too large relative to the small values of these
elements. This would prevent accurate determination of these values, unless a very large
batch size was used in the least squares calculation. Since the larger elements do show
a definite pattern, it is likely that the relationship between the vibration and control is
there, but that it is very small. Note also from Figure 14 that at the (550 RPM) 4/Rev
frequency of 36 Hz that =t= 3.0 volts produces slightly more than + 1.0 degrees of blade
pitch motion.
The next matrix identified was the global matrix using a least squares batch size of
48 and an excitation amplitude of =t=6.0 volts (+ 2.0 ° ). This matrix is shown in Table 14,
and is similar to the local models shown in Tables 12 and 13. The similarity of this global
matrix to the local model matrix obtained at + 3.0 volts (i 1.2 ° ) amplitude indicates
that the linearity is relatively constant throughout the input range. The last column in
Table 14 is the identified vibration level for no control input, or z0, mentioned earlier.
Alternatively, this column represents the vibration that would be experienced at the 550
RPM flight condition for no control input. For the numbers in the last column, 20.0 counts
corresponds to about 0.025 g of vibration. The fourth channel, which showed the largest
uncontrolled RMS vibration level, measured only 5.92 counts of vibration, or 0.0074 g.
This low level of vibration was most likely the result of operating the rotor in hover, where
vibrations are expectedly low, and also the result of spinning the rotor at low speed.
The local and global matrices were then identified again at 1100 RPM. Even though
only ± 1.0 volts (=t= 0.33 °) excitation could be applied at this operating condition, the
resulting aerodynamic forces were expected to be greater. Table 15 shows the local model
identified using + 1.0 volts excitation and a least squares batch size of 36. The matrix
differs significantly from the ones identified at the lower RPM. The global model, Table
16, identified using the same batch size and same excitation amplitude also differed from
its 550 RPM counterpart. Comparing Tables 15 and 16, the global and local models at
1.0 volt forcing amplitude are seen to be very similar in the first six columns. The last
column of Table 16 shows the uncontrolled vibration level, which appears to have increased
substantially. The second channel provides the largest 4/Rev RMS vibration with 23.16
counts, or about 0.029 g. Hence, the increase in rotor speed appears to have changed the
aerodynamic blade loading to make for higher vibrations.
The local model identification at 1100 RPM was repeated using + 0.5 volts amplitude
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excitation. The resulting matrix, shown in Table 17, was found to be different than the
local matrix of Table 15. Becauseit is different from the local model obtained using ±
1.0 volt excitation, it might indicate that between ± 0.5 and + 1.0 volts a significant
nonlinearity exists. Alternatively, since the maximum blade pitch motion for + 0.5 volts
excitation at ll00 RPM is only about ± 0.15 degrees, the decreased signal-to-noise ratio
at the lower excitation level may have corrupted the result. This latter contention is at
least partly supported by the fact that the matrix element magnitudes are smaller for
the 0.5 volt excitation case than for the corresponding 1.0 volt excitation case. (The
matrix elements become smaller with increasing noise level, with pure random noise input
producing a matrix of zeros, since no positive or negative trend from the mean would exist
in the frequency domain.)
The global model was identified again using a batch size of 48 and the same excitation
amplitude of 1.0 volts (± 0.33 ° ). The resulting matrix, presented in Table 18, compares
well with the previous global matrix shown in Table 16. Although there is some variation in
magnitude, most elements of the two matrices have the same sign and are about the same
magnitude. What is different is the last column, which represents the "z-zero" or vibration
for no HHC control input. Although the RMS levels agree fairly well, the phase of the
signals (i.e, relative sine and cosine term magnitudes) are completely different, perhaps
indicative of a change in the ambient wind velocity and direction. Because the testing
was performed in an uncontrolled (outside) environment, it is not possible to resolve this
question. It is possible to speculate that the wind did change the vibration, since the other
elements of the transfer matrix (influenced by system dynamics only) remained relatively
constant.
In conclusion, though the relationship of the applied active controls to the measured
vibration is identifiable, and repeatable, the small elements of the transfer matrix descrip-
tion imply controllability problems may exist. Reduced controllability might be explained
on the basis of the RTR being simply too stiff to vibrate appreciably. A second possibility,
however, is that the lack of controllability is only apparent at the hover condition or low
rotor RPMs. If the rotor were spun at greater speeds in forward flight, the matrix elements
might be much larger, owing to the asymmetry of the oncoming air stream and greater
forcing levels. In forming conclusions on the basis of this study, it is important to note
from the data in Appendix D that although the 4/Rev vibration coefficients increase with
the level of 4/Rev forcing excitation, they are still not much larger than the coefficients of
the other harmonics. Thus, the 4/Rev vibration measured during this test was quite likely
affected by a high noise component, and was not really representative of any vibration
phenomena that might have occurred in forward flight testing.
CONCLUDING REMARKS
The OARF/RTR testing demonstrated the ability of the MCCS control system to
interface properly with the rotor system and documented the capability of the RTR high-
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speedactuators to implement higher harmonic control commands. It was also demon-
strated that the higher harmonic control computer system (the MCCS) could keep track
of the input accelerometersignalsand their phaseangles. The results of this study showed
that the presenthigh-speedactuators are incapableof providing sufficient control author-
ity at the higher rotor speeds(1910RPM). Sincethe measuredvibration wasvery small at
low RPMs, it is evident that testing at reduced rotor RPM in hover is not desirable, and
may introduce ahigh degreeof error into any conclusionsdrawn from such experimenta-
tion. Operation in a wind tunnel in forward flight may remedy this situation by providing
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Limitations of RTR High Speed Actuators
RTR High Speed Actuator Limitations
=t= Degrees Up To Pushrod Loads*
3.00 ° 25 Hz 94 N
2.50 ° 30 Hz 113 N
2.00 ° 40 Hz 160 N
1.50° 55 Hz 227 N
1.00 ° 65 Hz 211 N
0.66 ° 80 Hz 213 N
0.33 ° 105 Hz 184 N
* Pushrod loads at maximum frequency for given displacement.
RTR maximum pushrod oscillatory loading is 550 N.
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Table 10
Limitations of RTR Pushrods
RTR Pushrod Loading Limit
Frequency Maximum Blade Pitch Oscillatory Pushrod Loads*
60 Hz ± 3.00 ° 550 N
70 Hz ± 2.25 ° 550 N
80 Hz ± 1.75 ° 550 N
90 Hz ± 1.35 ° 550 N
100 Hz + 1.10 ° 550 N
110 Hz =t=0.92 ° 550 N
120 Hz ± 0.77 °
130 Hz + 0.66 °
55O N
55O N
* RTR maximum pushrod oscillatory loading is 550 N.
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Table 11























































* ± 6.0 volts = ± 2.0 degrees at 550 RPM.
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Table 12
Local Transfer Matrix obtained at 550 RPM using a batch size of 48
and 6.0 Volts half peak-to-peak excitation (± 2.0 degrees).
4/Rev HHC Pitch Inputs













-0.04 -0.02 -0.04 -0.01 +0.16 -0.10
+0.04 -0.03 40.03 -0.01 +0.09 +0.16
+0.02 -0.02 -0.02 -0.19 +0.03 -0.04
+ 0.02 -0.09 40.10 +0.04 +0.01 -0.03
-0.01 +0.05 40.35 +0.04 -0.05 -0.02
°0.01 +0.02 -0.02 +0.36 -0.01 -0.03
+0.06 -0.05 40.12 +0.05 -0.16 -0.01
+0.02 +0.03 -0.04 +0.10 -0.03 -0.18
+0.01 -0.07 +0.25 +0.11 -0.02 -0.05
+0.07 +0.03 -0.11 +0.25 +0.02 -0.01
+0.03 -0.06 40.02 -0.12 +0.01 -0.01
+0.06 +0.04 40.11 +0.03 +0.00 +0.00
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Table 13
Local Transfer Matrix obtained at 550 RPM using a batch size of 48
and 3.0 Volts half peak-to-peak excitation (+ 1.2 degrees).
4/Rev HHC Pitch Inputs













-0.03 -0.01 -0.01 +0.00 +0.12 -0.08
+0.02 -0.01 +0.01 +0.00 +0.07 +0.13
+0.07 -0.07 -0.13 -0.10 -0.03 +0.03
+0.03 -0.03 +0.08 -0.01 +0.08 -0.02
+0.01 +0.02 +0.16 +0.05 -0.01 +0.01
-0.03 +0.01 -0.04 +0.17 -0.01 -0.01
+0.01 -0.05 +0.04 -0.02 -0.11 +0.10
+0.02 + 0.02 + 0.00 +0.03 -0.11 -0.11
-0.01 -0.03 +0.12 +0.08 -0.01 -0.01
+0.03 +0.43 -0.08 +0.12 +0.01 +0.00
+0.01 -0.03 +0.01 -0.05 +0.01 +0.00
+0.03 +0.01 +0.04 +0.01 +0.01 +0.02
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Table 14
Global Transfer Matrix obtained at 550 RPM using a batch size of 48
and 6.0 Volts half peak-to-peak excitation (-4- 2.0 degrees).
4/Rev HHC Pitch Inputs













-0.03 -0.05 +0.01 -0.01 +0.16 -0.10
+0.05 -0.04 +0.05 -0.02 +0.08 +0.18
+0.05 -0.02 +0.02 -0.10 +0.02 +0.01
+0.03 -0.01 +0.20 +0.01 +0.00 +0.05
-0.02 -_ 0.05 +0.42 +0.11 -0.03 +0.00
-0.05 +0.00 -0.14 +0.42 +0.00 -0.02
+0.05 -0.01 +0.03 +0.01 -0.19 +0.02
-0.04 +0.05 -0.05 +0.04 +0.01 -0.21
+0.02 -0.08 +0.28 +0.15 -0.01 -0.02
+0.07 +0.04 -0.19 +0.28 +0.31 +0.00
+0.05 -0.05 +0.08 -0.14 +0.01 -0.01







Local Transfer Matrix obtained at 1100 RPM using a batch size of 36
and 1.0 Volts half peak-to-peak excitation (+ 0.33 degrees).
4/Rev HHC Pitch Inputs













+0.12 -0.03 +0.31 -0.17 -0.33 40.10
-0.07 +0.13 +0.18 +0.31 -0.17 -0.28
+0.39 +0.44 +0.21 -0.62 -0.22 +0.25
-0.45 +0.46 +0.73 +0.08 -0.25 -0.26
+0.02 -0.08 -0.16 -0.03 +0.10 +0.02
+0.05 +0.00 +0.00 -0.12 -0.04 +0.08
+0.00 +0.00 +0.00 +0.00 +0.00 +0.00
+0.00 +0.00 +0.00 +0.01 +0.00 +0.00
-0.12 +0.08 40.12 40.01 -0.01 +0.05
-0.01 -0.19 +0.07 40.15 -0.04 40.00
+0.01 +0.02 40.01 -0.02 -0.02 +0.00
-0.02 40.01 40.02 +0.02 -0.02 -0.02
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Table 16
Global Transfer Matrix obtained at 1100 RPM using a batch size of 36
and 1.0 Volts half peak-to-peak excitation (+ 0.33 degrees).
4/Rev HHC Pitch Inputs













+0.06 +0.06 +0.42 -0.11 -0.36 +0.06
-0.06 +0.13 +0.11 +0.31 -0.02 -0.34
+0.16 +0.66 +0.30 -0.67 -0.28 +0.15
-0.49 +0.22 +0.61 +0.12 -0.12 -0.24
+0.02 -0.05 -0.13 -0.02 +0.06 +0.05
+0.03 +0.04 +0.07 -0.10 -0.06 +0.09
+0.00 +0.00 +0.00 +0.00 +0.00 +0.00
+0.00 +0.00 +0.00 +0.00 +0.00 +0.00
-0.13 +0.05 +0.07 +0.00 +0.04 +0.01
+0.07 -0.16 -0.04 +0.11 +0.03 +0.01
-0.01 +0.02 +0.02 -0.02 -0.01 +0.02









Local Transfer Matrix obtained at 1100RPM using a batch sizeof 36
and 0.5 Volts half peak-to-peak excitation (:i: 0.15degrees).
4/Rev HHC Pitch Inputs













-0.05 +0.09 +0.05 -0.19 -0.05 +0.08
+0.00 +0.02 t0.05 +0.05 -0.15 -4-0.02
+0.07 +0.26 -0.02 -0.13 -0.03 -4-0.01
-0.18 +0.22 t0.17 -0.04 -0.10 -0.05
+0.01 -0.02 -0.09 -0.01 +0.01 +0.03
+0.02 +0.02 -0.02 -0.06 +0.00 +0.02
+0.00 +0.00 +0.00 +0.00 +0.00 +0.00
+0.00 -4-0.00 +0.00 +0.00 +0.00 +0.00
-0.07 -0.06 t0.17 +0.14 +0.07 -0.09
-0.02 -0.04 -0.02 +0.07 +0.10 -0.04
-0.01 +0.03 .4.0.01 +0.00 +0.02 +0.01
+0.00 -0.01 +0.02 -0.01 -0.02 -4-0.00
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Table 18
Global Transfer Matrix obtained at 1100 RPM using a batch size of 48
















LONG,C LONG,S COLL,C COLL,S LAT,C LAT,S
+0.13 +0.01 +0.25 -0.15 -0.26 +0.10
-0.03 +0.13 +0.12 +0.34 -0.06 -0.27
+0.45 +0.45 -0.02 -0.57 -0.14 +0.34
-0.41 +0.38 +0.68 +0.02 -0.25 -0.19
+0.01 -0.04 -0.12 -0.04 +0.06 +0.02
+ 0.05 +0.01 +0.00 -0.11 -0.03 +0.11
+0.00 +0.00 +0.00 +0.00 +0.00 +0.00
+0.00 +0.00 +0.00 +0.00 +0.00 +0.00
-0.13 +0.08 +0.13 +0.04 +0.01 +0.03
+0.02 -0.17 +0.09 +0.16 -0.01 -0.03
+0.02 +0.01 +0.00 -0.03 +0.00 +0.02












The Rotor Test Rig.
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The Multicyclic Control Computer System.
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Test Setup for Test Actuators with Collective
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Collective Excitation Command, Actuator Driver Commands,
and Actuator Position Feedback Signals.
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Frequency Response Using 60 ° , 180 ° , and 300 °
Actuator Position Feedback Signals.
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Frequency Response at 36.6 Hz with Blades On, at 550 RPM
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APPENDIX A, PRINCIPAL INSTRUMENTATION SYSTEMS
AND
THE DATA ACQUISITION SYSTEM
Instrumentation
The RTR and supporting test equipment have a comprehensive instrumentation set
designed to monitor safety and to provide accurate performance data. This set of instru-
ments includes strain gauges, accelerometers, transducers, and load cells. A summary of
the instrumentation and output devices is provided in Table A1. Test equipment was
provided to measure loads on both the rotating and nonrotating systems. The principal
instrument systems are described in the following paragraphs.
Two clusters of three orthogonally mounted five-g limit accelerometers were mounted
,,,, ,ha rot_,_ _h_rt h,,,,,i,, n,,o i,-111_?_rv_J_ mnllnf.od _TI the rnof.r_c p:_rt nle the rig_ while
the other cluster was mounted on the non-metric part. The orientation of these clusters
were such that one accelerometer from each cluster was aligned with the roll axis, one was
aligned with the pitch axis, and one was aligned with the yaw axis (Figure A1).
The rotor RPM is measured and displayed on a counter (digital rate indicator) with
a 1024 pulse per revolution encoder.
The RTR model has a six component strain gauged internal balance used to measure
steady state rotor forces and moments. These six components are: two normal force
elements used for the determination of normal force and pitching moment, two side force
elements for the determination of side force and yawing moment, a dual axial force element
used for the determination of axial force, and a dual roll element used for the determination
of roll moment.
One blade has been instrumented with strain gauge bridges to measure blade flapwise,
chordwise, and torsional bending. The flatwise and edgewise bending gauges are located
at the 20, 50, 70, and 80 percent blade radial stations from he center of rotation. The
torsional gauges are located at the 30 and 60 percent blade radial stations. These gauges
are bonded to the blade spar and covered with a fiberglas skin and filler designed to form
the aerodynamic configuration of the finished blade.
The pitch, flap, and lead-lag rotor motions of one blade are measured by continuous
film, single turn potentiometers mounted on the rotor head and driven by pinion and sector
gears which amplify the mechanical motions. For each primary pot, there is an identical
unit mounted diametrically opposite on the rotor head for mass balance. These second
units are not connected but serve as in place spares.
A1
Strain gauge instrumentation is provided on two of the four main rotor pushrods.
These are full tension/compressionbridges and are fully encapsulatedfor maximum me-
chanical protection.
A 250 lb (1112N) limit load cell is mounted between the RTR and one of the RTR
mounting rails to measurenet torque developedby the RTR. The torque load cell moment
arm is 1.266ft (0.386m) with a corresponding torque limit for this load cell of 317 ft-lb
(429 N-m).
Three 2000lb (8896 N) limit single axis load cells were mounted vertically between
the mounting plate on the RTR tower and the mounting plate to which the RTR mounting
rails are attachedto measurethe net thrust.
A limited meteorologicalstation is located at the OARF. Wind speedand direction
arae obtained from this station.
Data Acquisition System
The Data Acquisition System transmits and transforms the raw measurementoutput
from the sensorinstruments on the RTR to the specified output display format. This
process requiresand includes transmission from the sensor instruments to the appropri-
ate amplifiers, filters, analog-to-digital converters, and data processorswhich condition,
combine,and format the data for the specifiedoutput. The data is first transmitted from
the RTR to a junction box (J-box) located in the OARF balance pit. From there it is
transmitted to the J-box in the OARF Control Room from which it is transmitted to the
appropriate dataconditioners. After the data is appropriately conditioned and formatted,
it is then transmitted to the specifiedoutput devicesand to the Multicyclic Control Com-
puter System (MCCS). There are nine types of output devicesplus the MCCS to which
the data are transmitted; theseare:
1. Real Time Display (RTD)
2. PeakDetector System (PDS)
3. Cathode-Ray Oscilloscope,x versusy display (CRO/x-y)
4. Cathode-Ray Oscilloscope,x versus t display (CRO/x-t)
5. Calculating Counter (CTR)
6. Digital Panel Meter (DPM)
7. Oscillograph Recorder (OGR)
8. RTR Control Console(RTR/CSL)
9. On-Line Printer (Printer)
10. Multicyclic Control Computer System (MCCS)
A2
The output displays for the the RTD, PDS, CRO, CTR, DPM, and OGR devices are
defined in Tables A1 through A8. The instrument displays on the RTR Control Console
are defined in Reference 1. The on-Line printer provides on-line digital output of data
processed by the Data Acquisition System. The MCCS has a flexible output display which
allows the display of: 1) any of up to 64 analog-to-digital channels of data transmitted to
the MCCS in either the time domain or the frequency domain, and 2) any of up to eight
digital-to- analogue channels of MCCS output signals.
A3
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Figure AI
Accelerometer Locations on the Rotor Test Rig.
A4
Table A1, Instrumentaton and Output Summary
PARAMETER RED-LINE
LIMIT





Rotor Thrust Coefficient (Thrust/pARVt2p)








N1 + N2 (Thrust)
N1 - N2 (Pitch Moment)
AX (Drag)
$1 + $2 (Side force)














































PDS CRO CRO DPM CTR RTR






-5 to 4-18 deg
-15 to 4-15 deg
-5 to 4-15 deg
-]-10 deg
+1601 N
High Speed Actuator Command Signals





















One-half of peak-to-peak values
Real Time Display
Peak Detector System
Cathode-Ray Oscilloscope, x versus y display






* This is an RTR Control Console limitation; the measured cyclic pitch and flapping are not
effective below 1000 RPM.
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Blade Lateral Cyclic Pitch from the RTR Control Console
Blade Lateral Cyclic Pitch computed from actuator position
Blade Longitudinal Cyclic Pitch from the RTR Control Console
Blade Longitudinal Cyclic Pitch computed from actuator position
Blade Collective Pitch from the RTR Control Console
Blade Collective Pitch computed from actuator position
Power Coefficient
Thrust Coefficient from Load Cells
Thrust Coefficient from RTR Balance
DNLD/TRST
Wing Download from Wing Balance
Rotor Horsepower
Rotor Tip Mach Number
Wind Direction
Rotor Speed
Rotor Thrust from Load Cells
Rotor Torque from RTR Torque Load Cell










































Blade Edgewise Bending at 20% Blade Radius
Blade Flapwise Bending at 20% Blade Radius
Blade Torsion at 30% Blade Radius
Pushrod Load
Lateral Metric Acceleration of the RTR
Longitudinal Metric Acceleration of the RTR
Longitudinal Non-metric Acceleration of the RTR
Lateral Non-metric Acceleration of the RTR
Vertical Metric Acceleration of the RTR
Vertical Non-metric Acceleration of the RTR
Blade Lag Angle
Blade Flap Angle
Load on the First Actuator Upper Rod End
















Note: The AC value and the DC extreme values are displayed for each signal except the acceleration
signals (i.e., ACC1, ACC2, • • • , ACC6). Only the AC values are displayed for the acceleration
signals.
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Load Measured by the First Load Cell
Load Measured by the second Load Cell
Load Measured by the Third Load Cell
Blade Flap Angle
Blade Lead Angle
































High Speed Actuator Common Command Signal *
60 Degree High Speed Actuator Position
Command Signal
60 Degree High Speed Actuator Position
Feedback Signal
180 Degree High Speed Actuator Position
Command Signal
180 Degree High Speed Actuator Position
Feedback Signal
300 Degree High Speed Actuator Position
Command Signal












* This signal is only generated for the High Speed Actuator performance tests.
All













Once per Rev Pulse
when Blade One has Zero Azimuth

















* This signal is only generated for the High Speed Actuator performance tests.
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APPENDIX B
Data From High-Speed Actuator Performance Test
This appendix presents the data acquired during the high-speed actuator performance
test for the :t: 1.0, + 2.0, + 3.0, + 4.5, ± 6.0, ± 7.5, and ± 9.0 volt excitation cases. The
data is organized in the manner shown in Table B1 on the next page. For each of the seven
runs a summary graph and table follows the presentation of the analog data. Note that
in each summary table (Tables B2 - B8) that the last two columns contain the HHC pitch
response amplitude and phase relative to the excitation command.
B1
Table B1
Appendix B page number index of data according to excitation
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1.0 Volts Half Peak-To-Peak Input at 18.3 Hz.
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1.0 Volts Half Peak-To-Peak Input at 27.5 Hz.
B5
" _:L
=- , • L,. .......
,, 300 ° Position
Feedback
_ _ - __ -_ _/.._..: _ _ _ . _-- _ -_ 300 ° Position
_: • .."._ ,.. _: ' , :- __ Command




















II .. = i t i i i
- _- - - _ .,,./x,j_ . ___ --_ - _ . _,-x...i-..j._./_.-,









,- . _ i.: .,..-,._;_..,.: : > . - ':- '":,:.,::-:_;;:.....i_:,:,(._..7; ._--' -
• ,_1 . , . I II I I jl " • i j _ " i - " "


















































1.0 Volts Half Peak-To-Peak Input at 64.2 Hz.
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1.0 Volts Half Peak-To-Peak Input at 91.6 Hz.
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1.0 Volts Half Peak-To-Peak Input at 110.0 Hz.
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1.0 Volts Half Peak-To-Peak Input at 119.2 Hz.
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1.0 Volts Half Peak-To-Peak Input at 128.3 Hz.
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Table B2
Summary of actuator frequency response data for
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2.0 Volts Half Peak-To-Peak Input at 18.3 Hz.
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2.0 Volts Half Peak-To-Peak Input at 27.5 Hz.
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2.0 Volts Half Peak-To-Peak Input at 36.6 Hz.
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2.0 Volts Half Peak-To-Peak Input at 55.0 Hz.
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2.0 Volts Half Peak-To-Peak Input at 64.2 Hz.
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2.0 Volts Half Peak-To-Peak Input at 73.3 Hz.
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2.0 Volts Half Peak-To-Peak Input at 91.6 Hz.
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Table B3
Summary of actuator frequency response data for
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3.0 Volts Half Peak-To-Peak Input at 1.0 Hz.
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3.0 Volts Half Peak-To-Peak Input at 18.3 H_,.
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3.0 Volts Half Peak-To-Peak Input at 55.0 Hz.
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3.0 Volts Half Peak-To-Peak Input at 91.6 Hz.
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3.0 Volts Half Peak-To-Peak Input at 128.3 Hz.
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Table B4
Summary of actuator frequency response data for
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4.5 Volts Half Peak-To-Peak Input at 45.8 Hz.
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4.5 Volts Half Peak-To-Peak Input at 73.3 Hz.
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4.5 Volts Half Peak-To-Peak Input at 110.0 Hz.
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4.5 Volts Half Peak-To-Peak Input at 128.3 H_..
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6.0 Volts Half Peak-To-Peak Input at 1.0 Hz.
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6.0 Volts Half Peak-To-Peak Input at 18.3 Hz.
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6.0 Volts Half Peak-To-Peak Input at 27.5 Hz.
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6.0 Volts Half Peak-To-Peak Input at 36.6 Hz.
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6.0 Volts Half Peak-To-Peak Input at 82.5 Hz.
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6.0 Volts Half Peak-To-Peak Input at 110.0 Hz.
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6.0 Volts Half Peak-To-Peak Input at 128.3 Hz.
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7.5 Volts Half Peak-To-Peak Input at 64.2 Hz.
B80
OF POGR QUALITY
OF FOO_ _ .... _-:T_,
!
" _ i .i .I :: '. " i . ' ' "_"1 _ _i !i !! ti _! _ : i f _ , <
" i ! " _ I _,-_ i , _ : _i _ I{1_-_ H.it.,,i _.!* i 7.1 _ • " ! i !: .4Ii! _t :l-i _ _.l ' ; ; : £ :
i , . • i i l ' ' t > _
- . - . _ , , _: :_.
: .: . :i ; :_i .... ,i " , 'l _ _i i<_
!t i :: ,,. , ,
{1i '_ .;;
17; !'7 /'! 'i
,,<_- -ti :-' i!i'.
'7 'v '.'" ,7 V ;V: _¥';t
t t l j : i _ i : .
.... r t_*. i,HNlttt- i. ti I! f _ ,_
_ i .... i _ ' f ' ; I { ' ; g i, _ _t _I! tl I . i, t,
: ";_i:ii:_c_i i "il _ _ '
,.:,,, ,,, v' Y :i: ,,i i . 1! f;_Jh
.; ,. , _, : '. " ,_ I .' ! i_k. _._.I_'i-- i
. - ! . , _, . "..,,. .... >_ ,1"_ .
_.-,- . , : :- _r.:_ ,_ .......t-_t-'_4 :i..--












7.5 Volts Half Peak-To-Peak Input at 73.3 Hz.
B81








































_ I t _ _ . .. _ I ;.. ' : /."
t
[ "'!l
I I I ; t '] _ ; " _...... [ i'!,,li
. , ! ; I t ' i
' i ' " :
• i _ !.1 I-t
, i; '!' !_ t!_ . 4 .... _ ,_. l' It
4, _' ' ._/. i .... ,ti,- " ._k!@ll_
P 1 < I , , l ." ;
' . i, Ii
- •
 ij, Ii!il!,, , !: ! ,. i- i i_ " ;[ , I.ti!.h' "
, i i_ti,













7.5 Volts Half Peak-To-Peak Input at 91.6 Hz.
B83
_ _ .
_i _ _ _ ^ ',
Feedback
: 300 ° Position
Command
-- 180 ° Position
Feedback
, i I ;! i :-1






















+ r e .°_
i I
.d
'l _ " ' "
/ l I _ : " " ; I "
it + . .
"" _ ' _;t; .
s i " | -
A _i +-,n• t !+ i i • , . 'i r i :: ! ;_ •
]': . : . i
, t . !
--l++,-l._-_ -: -: .......
.+'_le -'.i s_+, : < i _ I ;
I
t_ ! .i

















7.5 Volts Half Peak-To-Peak Input at 110.0 Hz.
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7.5 Volts Hag Peak-To-Peak Input at 128.3 Hz.
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Table B7
Summary of actuator frequency response data for
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9.0 Volts Half Peak-To-Peak Input at 82.5 Hz.
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g.0 Volts Half Peak-To-Peak Input at 110.0 Hz.
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9.0 Volts Half Peak-To-Peak Input at 119.2 Hz.
B97
• , . ]
- i
11 ! '/_. • .- : _: .__.17..,, _-.....--...._-.y.._ 300" Position
: *l • I r _ J ":' [ i ' " r' ,
I : / _ : ' ' _' ' ' " ' ' ' ' 300 °Position
Command
.__-_.I-.. :--_._..'._-.. ........-_..i-.-4.-_...... :._-___--_........ ----- ......J-'-_ 180 °Position





I. ! L ' ! • ; , ; ,









• ',; i _ ,. , ,_ ,!
' _ "- : I
.- -,_. .'' : ,,; .it : 'i ' "_- : "-_ "









9.0 Volts Half Peak-To-Peak Input at 128.3 Hz.
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9.0 Volts Half Peak-To-Peak Input at 128.3 Hz.
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Table B8
Summary of actuator frequency response data for
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Figure B7
Frequency Response at + 9.0 Volts Excitation.
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APPENDIX C
The Least Square Error System Identification Method
In this appendix the ordinary least square error (LSE) method of system identification
is presented in terms of the nomenclature of this report. This technique was independently
formulated by Legendre and Gauss in the early 1800's to identify constant parameters in
the presence of measurement noise. Today, nearly all forms of parameter identification
techniques for systems identification, whether off-line or on-line, stem from this important
method.
Identification by the ordinary least squares method is primarily used for off-line iden-
tification of the system parameters which are assumed to be constant for a given test
condition. To use this technique, the output responses to a series of open-loop batch in-
puts are carefully recorded. Then, using the assumed form of the system equ_lon_,'- - an
error vector is formed as the difference between the measured system response and the
response predicted by the system equations and the identified model. By choosing the
value of the estimate which minimizes the square of the errors, the "least square error"
estimate is determined.
Application of the method of ordinary least squares to identify the local transfer matrix
model is presented here. Identification of the global mode] is done in the same manner once
the augmented T', O', and z matrices have been substituted in the appropriate places in
the local model solution. Writing the local model system equations again,
Az(k) = TAO(k) (cl)
it can be noted that an error vector to express the error in T can be written as
e(k) = Az(k)- T&O(k) (c2)
ignoring any errors in the measurement of z. The value of the T matrix which minimizes
the sum of the squares of these errors is sought. That is, it is desired to minimize J(T),
where,
/92
J(T) : e2(k,T) (c3)
k=l
and m denotes the number of measurements in the calculation batch. Though there is
no upper limit to m, to be determinate, m must be greater than or equal to the number
of columns in T. As rn is chosen larger, better measurement noise rejection capability is
c1
obtained, at the expenseof increasedcalculation• ( Seereference[8] for details•) Working
with the T matrix one row at a time and dropping the k step nomenclature, we may write
for each i th row of the T matrix,
el Z_Zli ... z2kO T .. ("()()()e2 Az2i AO T "• -- • , • TiT
i oo° •
e Azrni AO T
or more compactly, as,
(c4)
(c5)
where AZi is vector of m scalar measurements for the row of the T matrix relating it to
the control inputs, AO is a matrix whose rows are the m excitation commands transposed,
and ei is the (rn x 1) error vector formed from AO and the i th row of T. The square error
for the i th row of T can then be expressed as
2
= AOT )
= ,'XZTAZ,- TiAO TAZ_ - AZTAOT T (c6)
= AZ + TiA® TAOT/r
Seeking a minimum of this function, the first derivative is taken with respect to the Ti
parameters.
- 2AO TAZi + 2AO TA®T[ (c7)OT¢
When this expression is set equal to zero, the ordinary least square error normal equations
are produced, and yield the least square estimate for the i th row of the T matrix as
Ti = AzTAo[Ao TAO]-' (c8)
Then for the entire T matrix, equation 17 can be placed into matrix form as














meaning an (2n x m) matrix whose rn columns are the m number of vibration measure-
ments taken from the "n" accelerometers, and where AO represents an (rn x 6) matrix of











This matrix has six columns corresponding to the cosine and sine coefficients of the longi-
tudinal, collective, and lateral N/Rev pitch command vector.
The least squares formula for the global model is given by
TGlobal = ZOo[o'To*] -1 (c12)
The asterisk denotes that the global matrix is an augmented matrix, formed by appending
the uncontrolled vibration vector, z0, to the (2n x 6) global transfer matrix,
ZGlobal =
tl,1 ...... tl,6 Zch "_
t2,1 ...... t2,6 ZO. J
t2n,1 -- -- t2n,6 Z03.
(13)
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System Identification Excitation Commands and
Harmonic Content of Vibratory Responses
This appendix presents the data acquired during the system identification testing.
The first two pages give the excitation commands used to excite the high-speed actuators.
The remaining pages give the mean value and first twelve harmonics for each response
channel for every data point. In addition, for the first or second data point of every run,
analog plots of the data have been included to allow the reader to assess the quality of
the data obtained. Note that PLL1 and N2BL are the pitch link load and normal balance
signals substituted in lieu of accelerometer inputs. Table D1 gives the organization of the
appendix.
laDle L}I





























































* + 0.5 Volts = + 0.15 degrees at 1100 RPM.
** + 6.0 Volts = -4- 2.0 degrees at 550 RPM.
D1
Table D2
List of Excitation Commands Used in Least
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System Identification Transfer Matrices
Prior to Averaging
This appendix presents the original transfer matrices acquired during the system iden-
tification testing. The transfer matrices presented previously in Tables 12 - 18 represent
the averaged value of three matrices. These matrices were identified sequentially by adding
one and then two additional control and measurement vectors to the LSE block after the
initial identification. The identification batch size remained the same, since the oldest mea-
surement and control were discarded. The transfer matrices in this appendix are presented
in tilt* UlUt*l IIIHJLI_LU_ Ill laOl_
E1
Table E1
























































































* ± 0.5 Volts = + 0.15 degrees at 1100 RPM.








































































First local transfer matrix obtained at 1100RPM using a batch
sizeof 36 and ± 0.5 Volts (+ 0.150) excitation.
4/Rev HHC Pitch Inputs














-0.042 +0.098 +0.068 -0.182 -0.061 +0.088
÷0.003 +0.024 +0.042 +0.047 -0.144 +0.014
+0.070 +0.260 -0.005 -0.129 -0.042 +0.016
-0.167 +0.221 +0.172 -0.040 -0.096 -0.048
+0.003 -0.017 -0.088 -0.012 +0.013 +0.026
tO.020 +0.018 -0.014 -0.063 +0.001 +0.018
N NN1 ±N NN1 ±N NNO ±N NNN -LN NN1 fl NN1
-0.001 -0.001 +0.002 _0.003 -0.001 +0.000
-0.068 -0.067 +0.169 +0.150 +0.074 -0.094
-0.014 -0.040 -0.009 +0.078 +0.084 -0.032
-0.007 I 0.027 ±n,v.,,,,,,nn° -0.003 +0.018 +0.009
+0.002 -0.014 +0.021 -0.011 -0.023 +0.002
E3
Table E3
Second local transfer matrix obtained at 1100 RPM using a batch
size of 36 and ± 0.5 Volts (± 0.15 ° ) excitation.
4/Rev HHC Pitch Inputs













-0.049 +0.088 +0.057 -0.183 -0.044 +0.078
-0.002 +0.026 +0.044 +0.047 -0.148 +0.016
+0.069 +0.251 -0.017 -0.130 -0.027 +0.011
-0.179 +0.222 +0.173 -0.040 -0.098 -0.055
+0.008 -0.018 -0.089 -0.011 +0.015 +0.027
+0.024 +0.015 -0.017 -0.063 +0.004 +0.027
+0.000 +0.001 +0.002 +0.000 +0.000 +0.002
+0.001 -0.001 +0.002 +0.003 +0.000 -0.001
-0.070 -0.064 +0.174 +0.151 '+0.068 -0.093
-0.019 -0.042 -0.011 +0.078 +0.088 -0.036
-0.011 +0.026 +0.009 -0.003 +0.020 +0.006
+0.002 -0.014 +0.021 -0.011 -0.024 +0.002
E4
Table E4
Third local transfer matrix obtained at 1100 RPM using a batch
size of 36 and ± 0.5 Volts (± 0.15 ° ) excitation.
4/Rev HHC Pitch Inputs













-0.059 +0.081 +0.039 -0.197 -0.056 +0.074
+0.001 +0.022 +0.065 +0.064 -0.153 +0.019
+0.072 +0.259 -0.027 -0.142 -0.015 +0.010
-0.183 +0.217 +0.177 -0.037 -0.107 -0.055
+0.007 -0.019 -0.088 -0.010 +0.014 +0.027
+0.023 +0.016 -0.021 -0.066 +0.005 +0.018
+0.000 +0.00i +0.002 -0.00i ÷0.000 +0.002
-0.001 -0.001 +0.001 ÷0.002 -0.001 -0.001
-0.072 -0.059 +0.153 -0.133 40.074 -0.096
-0.021 -0.038 -0.031 +0.062 t0.095 -0.038
-0.013 +0.025 +0.004 -0.007 +0.020 +0.005
0.003 -0.014 +0.022 -0.010 -0.023 +0.002
E5
Table E5
First local transfer matrix obtained at 1100 RPM using a batch
















LONG,C LONG,S COLL,C COLL,S LAT,C LAT,S
+0.126 -0.039 +0.302 -0.172 -0.324 +0.107
-0.066 +0.132 +0.183 +0.316 -0.168 -0.271
+0.384 +0.437 +0.195 -0.617 -0.216 +0.244
-0.441 +0.457 +0.733 +0.069 -0.253 -0.252
+0.024 -0.078 -0.160 -0.029 +0.101 +0.019
+0.044 -0.004 +0.001 -0.113 -0.040 +0.078
-0.002 ÷0.002 +0.005 +0.000 -0.002 -0.001
-0.001 -0.004 +0.000 +0.007 +0.002 -0.004
-0.123 t 0.079 +0.115 +0.010 -0.002 +0.045
+0.000 -0.195 +0.071 +0.140 -0.046 +0.009
+0.008 +0.022 +0.012 -0.021 -0.020 +0.003
-0.015 +0.012 +0.020 +0.017 -0.022 -0.014
E6
Table E6
Second local transfer matrix obtained at 1100 RPM using a batch
size of 36 and ± 1.0 Volts (± 0.33 ° ) excitation.
4/Rev HHC Pitch Inputs













+0.121 -0.036 +0.305 -0.167 -0.324 +0.101
-0.066 +0.133 +0.187 +0.315 -0.168 -0.273
+0.388 +0.438 +0.211 -0.627 -0.215 +0.241
-0.454 +0.467 +0.737 +0.085 -0.252 -0.265
+0 025 0 079 ....... ,_ , ,_ , _1 , n n,,,,
. - . -U. lO,b -U.UOU TU. 1ul TU.U_
+0.048 -0.006 +0.004 -0.119 -0.040 +0.080
4-0.002 +0.001 +0.005 +0.000 -0.002 -0.001
-0.002 -0.004 +0.000 +0.007 t0.002 -0.004
-0.118 +0.076 +0.114 + 0.004 -0.003 +0.050
-0.012 -0.188 +0.071 +0.155 -0.045 -0.002
+0.007 +0.021 +0.006 -0.018 -0.020 +0.005
-0.016 +0.013 +0.020 +0.019 -0.022 -0.015
E7
Table E7
Third local transfer matrix obtained at 1100 RPM using a batch
size of 36 and ± 1.0 Volts (± 0.33 ° ) excitation.
4/Rev HHC Pitch Inputs













+0.107 -0.028 +0.315 -0.165 -0.339 +0.097
-0.075 +0.128 +0.182 +0.314 -0.161 -0.281
+0.399 +0.450 +0.224 -0.625 -0.236 +0.254
-0.463 +0.463 +0.733 +0.084 -0.246 -0.272
_0.025 -0.079 -0.163 -0.030 +0.101 +0.022
+0.051 -0.002 +0.008 -0.118 -0.047 +0.084
-0.002 +0.002 +0.005 +0.000 -0.003 -0.001
-0.001 -0.004 -0.001 tO.O07 *0.002 -0.004
-0.106 +0.082 +0.121 - 0.005 -0.014 +0.060
-0.009 -0.191 +0.067 +0.154 -0.039 -0.002
+,0.004 +0.010 +0.005 -0.019 -0.018 +0.003
-0.016 +0.011 +0.017 +0.019 -0.018 -0.016
E8
Table E8
First global transfer matrix obtained at 1100 RPM using a batch
size of 36 and ± 1.0 Volts (± 0.33 ° ) excitation.
4/Rev HHC Pitch Inputs













+0.083 +0.059 +0.429 -0.102 -0.357 +0.060
-0.067 +0.126 +0.102 +0.316 -0.010 -0.340
+0.184 +0.651 +0.273 -0.666 -0.259 +0.170
-0.475 +0.216 +0.603 +0.131 -0.118 -0.227
+0.018 -0.052 -0.128 -0.025 +0.06 +0.054
+0.026 +0.036 +0.072 -0.095 -0.058 --0.079
-0.002 -0.001 --0.005 +0.003 -0.003 -0.005
-0.003 -0.003 -0.003 + 0.007 ÷ 0.003 -0.005
-0.135 +0.044 +0.060 -0.011 +0.006 +0.007
+0.075 -0.159 -0.031 +0.120 +0.023 +0.015
-0.005 t0.024 +0.015 -0.017 -0.011 +0.020













Second global transfer matrix obtained at 1100 RPM using a batch
size of 36 and :t: 1.0 Volts (± 0.33 ° ) excitation.
4/Rev HHC Pitch Inputs













+0.075 +0.056 +0.414 -0.107 -0.340 +0.072
-0.052 +0.129 +0.116 +0.309 -0.021 -0.346
+0.201 +0.656 +0.294 -0.669 -0.278 +0.162
-0.476 +0.215 +0.600 +0.129 -0.113 -0.227
+0.014 -0.053 -0.130 -0.023 +0.055 +0.043
+0.028 +0.036 +0.072 -0.097 -0.057 +0.078
-0.002 -0.001 +0.005 +0.003 -0.003 -0.005
-0.003 -0.003 -0.003 +0.007 +0.003 -0.005
-0.130 +0.048 +0.080 -0.001 +0.032 +0.07
+0.071 -0.162 -0.048 +0.108 +0.047 +0.013
-0.006 +0.024 +0.030 -0.016 -0.010 +0.020













Third global transfer matrix obtained at 1100 RPM using a batch
size of 36 and :f: 1.0 Volts (+ 0.33 ° ) excitation.
4/Rev HHC Pitch Inputs













+0.046 +0.065 +0.422 -0.124 -0.368 +0.046
-0.054 +0.128 +0.106 +0.308 -0.019 -0.341
+0.170 +0.673 +0.334 -0.686 -0.321 +0.114
-0.513 +0.228 +0.615 +0.109 -0.150 -0.263
+0.024 -0.056 -0.133 -0.017 +0.065 +0.052
+0.025 +0.036 +0.068 -0.098 -0.057 +0.079
-0.002 -0.001 +0.006 +0.003 -0.003 -0.005
-0.003 -0.003 -0.003 +0.008 +0.003 -0.005
-0.114 +0.046 +0.084 +0.007 +0.042 +0.014
+0.053 -0.159 -0.055 +0.097 +0.034 +0.004
-0.007 +0.026 +0.020 -0.016 -0.014 +0.015















First global transfer matrix obtained at 1100 RPM using a batch
size of 48 and ± 1.0 Volts (± 0.330 ) excitation.
4/Rev HHC Pitch Inputs I













+0.130 +0.048 +0.250 -0.139 -0.262 +0.101
-0.025 +0.125 +0.114 +0.343 -0.050 -0.273
+0.466 +0.430 -0.026 -0.576 -0.136 +0.332
-0.424 +0.401 +0.688 +0.031 -0.260 -0.179
+0.009 -0.043 -0.123 -0.041 +0.065 +0.019
+0.049 +0.009 -0.004 -0.113 -0.035 +0.107
-0.002 _ 0.000 t0.004 +0.001 -0.004 -0.003
-0.001 -0.002 -0.001 +0.007 +0.003 -0.003
-0.128 -_0.078 +0.135 +0.034 -0.000 +0.023
+0.019 -0.163 +0.089 +0.165 -0.009 -0.019
+0.016 +0.006 +0.002 -0.032 +0.004 +0.021











Second global transfer matrix obtained at 1100 RPM using a batch
size of 48 and ± 1.0 Volts (± 0.33 ° ) excitation.
4/Rev HHC Pitch Inputs













+0.138 +0.007 +0.250 -0.152 -0.260 +0.088
-0.025 +0.132 +0.118 +0.349 -0.056 -0.267
+0.453 +0.439 -0.029 -0.559 -0.134 +0.351
-0.407 +0.388 +0.691 +0.008 -0.261 -0.204
-_0.008 -0.042 -0.123 -0.040 +0.065 +0.020
+0.049 +0.008 -0.004 -0.115 -0.035 +0.106
-0.002 +0.000 +0.004 +0.001 -0.004 -0.003
-0.001 -0.002 -0.001 +0.007 +0.003 -0.003
-0.134 +0.076 +0.129 +0.037 +0.006 +0.026
+0.028 -0.167 +0.092 +0.155 -0.011 -0.030
+0.016 +0.005 +0.001 -0.032 +0.005 +0.020











Third global transfer matrix obtained at 1100 RPM using a batch
size of 48 and + 1.0 Volts (:[: 0.330 ) excitation.














LONG,C LONG,S COLL,C COLL,S LAT,C LAT,S
+0.132 +0.008 +0.255 -0.157 -0.268 +0.080
-0.038 +0.144 +0.130 +0.336 -0.067 -0.283
+0.431 +0.482 -0.012 -0.588 -0.137 +0.325
-0.386 +0.363 +0.672 +0.032 -0.246 -0.176
+0.009 -0.045 -0.124 -0.038 +0.065 +0.021
+0.048 +0.010 -0.003 -0.116 -0.035 +0.104
-0.003 _-0.000 +0.004 +0.001 -0.004 -0.003
-0.001 -0.002 -0.001 +0.006 +0.003 -0.003
-0.128 +0.076 +0.124 +0.040 +0.014 +0.033
+0.028 -0.170 +0.091 +0.156 -0.012 -0.030
+0.045 +0.007 +0.002 -0.034 +0.005 +0.019












First global transfer matrix obtained at 550 RPM using a batch
sizeof 48 and ± 6.0 Volts (± 2.0°) excitation.
4/Rev HHC Pitch Inputs













-0.031 -0.049 +0.007 -0.012 +0.165 -0.196
+0.045 -0.037 +0.042 -0.019 +0.077 +0.177
+0.050 -0.020 +0.014 -0.196 +0.023 +0.018
+0.040 -0.012 +0.195 +0.010 +0.007 +0.054
-0.027 +0.054 +0.420 +0.112 -0.024 +0.001
-0.050 +0.000 -0.140 +0.423 -0.005 -0.024
+0.050 -0.012 +0.031 +0.012 -0.192 +0.019
-0.036 +0.048 -0.050 +0.044 +0.009 -0.207
+0.018 -0.077 +0.280 +0.154 -0.004 -0.018
+0.066 +0.038 -0.192 +0.273 +0.030 -0.007
+0.045 -0.053 +0.066 -0.143 +0.014 -0.007













Second global transfer matrix obtained at 550 RPM using a batch
size of 48 and + 6.0 Volts (+ 2.0 ° ) excitation.
4/Rev HHC Pitch Inputs













-0.031 -0.048 +0.008 -0.013 +0.164 -0.097
+0.047 -0.038 +0.043 -0.021 +0.077 +0.175
+0.054 -0.024 +0.014 -0.102 +0.024 +0.012
+0.035 -0.009 +0.194 +0.015 +0.008 +0.060
-0.022 +0.054 +0.424 +0.108 -0.029 -0.004
-0.050 +0.000 -0.140 +0.423 -0.005 -0.024
+0.047 -0.011 +0.030 +0.014 -0.191 +0.021
-0.039 +0.050 -0.051 +0.048 +0.009 -0.203
+0.021 -0.076 +0.284 +0.153 -0.009 -0.020
+0.065 +0.039 -0.191 +0.275 +0.029 -0.008
+0.047 -0.053 +0.070 -0.144 +0.012 -0.008











Third global transfer matrix obtained at 550 RPM using a batch
















LONG,C LONG,S COLL,C COLL,S LAT,C LAT,S
-0.030 -0.049 +0.007 -0.012 +0.164 -0.096
+0.048 -0.040 +0.042 -0.020 +0.076 +0.176
+0.048 -0.022 +0.019 -0.106 +0.018 +0.005
+0.027 -0.011 +0.202 +0.010 -0.006 +0.048
-0.021 +0.054 +0.424 +0.109 -0.029 -0.003
-0.048 -0.003 -0.141 +0.425 -0.004 -0.022
+0.048 -0.014 +0.029 +0.015 -0.192 +0.022
-0.047 +0.057 -0.044 _-0.040 +0.002 -0.214
+0.022 -0.077 t0.284 ±0.153 -0.009 -0.020
+0.070 +0.036 -0.194 +0.278 +0.031 -0.001
+0.047 -0.054 +0.068 -0.143 +0.012 -0.007














First local transfer matrix obtained at 550 RPM using a batch
size of 48 and :i: 3.0 Volts (+ 1.0 ° ) excitation.
4/Rev HHC Pitch Inputs













-0.025 -0.011 -0.008 -0.004 +0.117 -0.080
+0.017 -0.014 +0.008 +0.005 +0.066 +0.125
+0.065 -0.070 -0.121 -0.075 -0.031 +0.028
+0.030 -0.041 +0.086 -0.015 +0.089 -0.022
_-0.008 +0.021 +0.163 +0.050 -0.014 +0.012
-0.028 +0.008 -0.038 t0.165 -0.009 -0.009
+0.009 -0.052 +0.039 -0.022 -0.104 +0.104
+0.024 _0.020 +0.002 +0.035 -0.107 -0.106
-0.009 -0.028 +0.115 +0.083 -0.011 -0.004
+0.031 +0.005 -0.084 +0.120 +0.011 +0.003
+0.006 -0.031 +0.003 -0.046 +0.011 -0.007
-70.031 +0.006 +0.039 +0.012 +0.006 +0.017
El8
Table E18
Secondlocal transfer matrix obtained at 550 RPM using a batch
sizeof 48 and + 3.0 Volts (± 1.0 ° ) excitation.
4/Rev HHC Pitch Inputs













-0.025 -0.011 -0.008 -0.004 +0.117 -0.079
+0.017 -0.013 +0.009 #0.004 +0.065 +0.125
+0.070 -0.078 -0.132 -0.074 -0.026 +0.035
+0.029 -0.040 +0.078 -0.014 +0.079 -0.014
+0.007 +0.021 +0.166 +0.049 -0.011 +0.010
-0.029 +0.009 -0.040 +0.165 -0.011 -0.009
+0.007 -0.050 +0.040 -0.021 -0.108 +0.104
_0.024 +0.020 +0.002 #0.035 -0.107 -0.106
-0.009 -0.027 +0.118 +0.083 -0.009 -0.007
+0.030 4 0.005 -0.084 +0.120 #0.011 +0.003
_0.006 -0.031 +0.003 -0.046 +0.012 -0.007
#0.031 +0.007 +0.040 +0.012 #0.006 +0.016
El9
Table E 19
Third local transfer matrix obtained at 550 RPM using a batch
size of 48 and + 3.0 Volts (± 1.0 ° ) excitation.
4/Rev HHC Pitch Inputs













-0.028 -0.006 -0.006 -0.003 +0.115 -0.079
+0.020 -0.012 +0.009 +0.005 +0.066 +0.127
+0.063 -0.057 -0.124 -0.069 -0.034 +0.037
+0.017 -0.019 +0.087 -0.009 +0.070 -0.015
+0.008 +0.020 +0.166 +0.049 -0.011 4-0.010
-0.027 +0.008 -0.038 +0.165 -0.010 -0.008
+0.011 -0.051 +0.038 -0.022 -0.106 +0.106
+0.021 +0.015 ±0.001 -_0.034 -0.106 -0.109
-0.008 -0.027 +0.118 +0.083 -0.009 -0.006
+0.033 +0.003 -0.085 _-0.119 +0.007 +0.004
+0.006 -0.030 +0.003 -0.046 +0.010 -0.007
+0.032 +0.007 +0.040 +0.012 +0.006 +0.017
E20
Table E20
First local transfer matrix obtained at 550 RPM using a batch
size of 48 and ± 6.0 Volts (i 2.0 ° ) excitation.
4/Rev HHC Pitch Inputs













-0.038 -0.026 -0.039 -0.014 +0.159 -0.102
+0.037 -0.036 +0.029 -0.010 +0.094 +0.159
+0.024 -0.024 -0.024 -0.205 -0.035 -0.022
+0.028 -0.090 +0.091 +0.036 +0.012 -0.021
-0.005 +0.052 +0.353 +0.039 -0.044 -0.019
-0.046 +0.025 -0.026 +0.361 -0.016 -0.027
-_0.060 -0.054 +0.117 +0.056 -0.161 -0.007
+0.023 +0.029 -0.032 +0.101 -0.027 -0.186
+0.012 -0.071 +0.245 +0.113 -0.016 -0.046
_0.072 +0.035 -0.111 +0.252 +0.011 -0.007
+0.034 -0.063 +0.025 -0.129 +0.009 -0.011
+0.057 +0.036 +0.106 +0.029 +0.000 +0.004
E21
Table E21
Secondlocal transfer matrix obtained at 550RPM using a batch
sizeof 48 and ± 6.0 Volts (± 2.0°) excitation.
4/Rev HHC Pitch Inputs













-0.039 -0.025 -0.036 -0.014 +0.159 -0.104
+0.036 -0.035 +0.031 -0.013 +0.093 +0.159
+0.019 -0.023 -0.018 -0.187 -0.031 -0.037
+0.022 -0.085 +0.101 +0.049 +0.016 -0.037
-0.007 +0.054 +0.357 +0.040 -0.044 -0.023
-0.046 +0.026 -0.024 +0.361 -0.016 -0.028
+0.059 -0.053 +0.119 +0.054 -0.161 -0.008
+-0.026 +0.025 -0.040 +0.099 -0.028 -0.178
+0.010 -0.069 +0.249 +0.114 -0.016 -0.051
+0.071 +0.036 -0.109 +0.252 +0.011 -0.008
+0.033 -0.062 +0.027 -0.126 +0.010 -0.014
+0.056 +0.037 +0.107 +0.028 -0.001 +0.004
E22
Table E22
Third local transfer matrix obtained at 550RPM using a batch
sizeof 48 and ± 6.0 Volts (± 2.0°) excitation.
4/Rev HHC Pitch Inputs













-0.039 -0.023 -0.042 -0.013 +0.151 -0.098
+0.038 -0.034 +0.030 -0.013 +0.092 +0.161
+0.023 -0.025 -0.013 -0.188 +0.020 -0.042
+0.019 -0.083 +0.096 +0.050 +0.004 -0.030
-0.007 +0.056 +0.350 +0.041 -0.054 -0.015
-0.044 +0.022 -0.014 +0.359 +0.002 -0.041
+0.059 -0.054 +0.121 +0.054 -0.157 -0.011
+-0.020 +0.027 -0.043 +0.100 -0.037 -0.176
_0.011 -0.067 +0.243 +0.115 -0.024 -0.043
-_0.075 +0.033 -0.102 +0.250 _0.024 -0.017
+ 0.032 -0.060 +0.023 -0.125 +0.003 -0.009
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